A power law path-loss model for indoor communications at 1.8 GHz is examined. In it, the exponent of the distance is treated as a random variable and its behaviour studied through experiments conducted in various propagation conditions in different buildings. The effects of random human traffic in the propagation channel, as well as those of antenna polarisation are also experimentally studied. The statistical behaviour of the exponent, and its fitting to several distribution functions, in particular Weibull, Nakagami and Gamma, is also reported. Using the proposed model, new, simple and efficient instruments can be developed as an aid for the estimation of the power budget of indoor wireless communication systems.
Introduction.
Indoor propagation models used for characterising, either path-loss [1] - [4] or impulse response [5] , [6] are, in general, site specific and can broadly, be classified in two types: deterministic and statistical. The former require a vast amount of data regarding geometry, building materials in walls and floors, furniture, human traffic, etc., which is not always possible to obtain in practice. Statistical models, on the other side, do not usually consider the physical aspects of the channel an thus, do not require a detailed knowledge of the geometrical and electromagnetic properties of materials and objects in the environment. They are based on the statistical characterisation of the received signal and, in general, require previous channel sounding to obtain basic statistical information. From a computational point of view, they are easier to implement, require less computational effort, and are less sensible to environment geometry.
Independently of the type of model, a usual way of characterising the propagation channel 1 is by means of a discrete linear filter [7] , [8] whose output, in response to an input x(t), is given by (1) where N is the number of paths followed by the electromagnetic wave between transmitter and receiver. The signal arriving at the receiver through a path k will be delayed τ k sec. and its amplitude and phase will be a k and θ k respectively. If the input signal is a unit impulse, δ(t), the output will be the channel impulse response 
In order to obtain a complete description of the impulse response of the channel, the behaviour of a k, , τ k and θ k must be known. From a statistical point of view, these variables are random and each one of them must be characterised by an adequate statistical function or model, based on experimental data.
The phase of the signal, θ k , is assumed to follow a uniform distribution in (0,2π] [9] , [10] for a Raleigh fading condition, and a Student-t with two degrees of freedom for Rican fading [11] , and the delay, τ k , has been modelled in several forms [5] , [6] , [10] , one of them, as a modified Poisson process (∆-K) [10] ,
In this paper only the path-loss behaviour (fading) is investigated. This is directly related with a k , and the problem has been traditionally treated considering the fading under two distinct aspects: short-term or fast fading and long-term or slow fading. The former occurs along small distances or short intervals, and can be studied through measurements in small or local area, i.e. an area that covers a few wavelengths. It is generally accepted that a k follows a Rayleigh distribution if there is no dominant path and a Rice distribution if there is a path through which the signal arriving to the receiver is significantly greater than the signal through other paths. For slow fading, it is of interest the behaviour in large area, i.e. an area which includes several local areas under similar propagation conditions. The mean values of power or attenuation in local areas provide the information to study it and, in general, it is accepted that a k follows a lognormal distribution. As a consequence, for completely describe the statistical behaviour of fading, two different distribution functions are required, or a more complex function which includes both, such as that proposed by Suzuki [12] .
The knowledge of the fading behaviour provides a criteria to dimension the power budget for a system that must function in a particular environment, and allows the prediction of the coverage area for a given signal to noise ratio. For such reason, from the engineering point of view, it is of prime importance to use reliable models for system design. Among the various models for indoor communications, a very simple particular form of a power-law model is examined in this paper, to characterise path-loss. In such a model, the descriptive parameter is the exponent of the distance, whose statistical behaviour is studied experimentally in several indoor environments. This parameter has several interesting properties; the most important being that, in the range of distances encountered in indoor communications, and under specific propagation conditions, i.e. Line-of-Sight (LOS) or Non Line-of-Sight (NLOS), its mean value is fairly constant in large areas. This property suggests that only one distribution function is required to describe the path-loss behaviour.
Theory.
The power received by an isotropic antenna in free space is given by
where P RAD is the equivalent isotropic radiated power; d is the distance in meters between transmitting and receiving antennae and λ is the wavelength in m.
Under propagation conditions other than free space, the effects of the various propagation mechanisms, i.e. reflection, diffraction or, in general, scattering, as well as the effects of directive antenna gains and their coupling with the environment must be taken into account. However, there is no simple way in which the individual contribution of such mechanisms can be evaluated and, therefore, it is valid to assume that their overall contribution to path loss can be expressed by means of a propagation-dependent attenuation factor, α P , in the form:
Since α P depends on many factors which cannot be evaluated individually, it can be assumed a random variable, and the best procedure to know its behaviour is by sounding the channel at the frequency of interest. Such sounding will provide samples of received power at different points in a particular environment, from which α P can be calculated. However, an alternative approach is to assume that, under propagation conditions other than free space, the received power does not obey a simple inverse square law, but depends on distance according to 1/d n , where n will be, in general, different to its free space value (n = 2). Thus, equation (4) can be written in the following form:
In the above expression, the effects of the various propagation mechanisms are embedded in the value of n, instead of α P and, from equations (4) and (5) it can be seen that the attenuation factor and the exponent of distance are related as:
which can be interpreted as the excess attenuation factor referred to free space. The overall path loss is expressed as the ratio between radiated and received powers, thus from (5):
that can be written in dB form as:
is the attenuation (path loss) at 1 m between antennae. From (6) it is clear that n is also a random variable. If, in equation (8), the mean value of n is used, an additional random term is required, and equation (9) takes the form:
which is the usual form found in the literature [13] - [15] , and where X 1 is a random variable with zero mean that describes the statistical behaviour of path loss at 1 m from the transmitter.
The model proposed here is simply that given by equation (8), and the reason for not using the model given by (10) is that, in the measurements performed, it was found that the variations of the received power were considerably higher in the vicinity of the transmitting antenna, up to distances in the order of 20λ. Such behaviour, which cannot be explained only in terms of near-field effects, does not reflect the actual behaviour of power, or in this case, of the exponent in large areas, as will be discussed in Section 4. Independently of such reason, the model given by equation (8) provides all necessary information regarding path loss in the propagation channel and the values of n can easily be obtained from experimental data by means of the following expression:
Where P r are the measured samples of the received power. Furthermore, the excess attenuation referred to free-space can be calculated as
Application of equation (8) does not require any additional assumption, either from the physical or statistical point of view, nor the introduction of any additional variable.
Experimental

Previous experimental considerations.
In order to calculate n for each sample of received power, equation (8) must be used. However, it must be taken into account that P r is the isotropic power before the receiving antenna and not that measured by the instrument which, in our case, corresponds to the actual power at the input connector of a spectrum analyser. In a similar manner, the radiated power, P RAD is that radiated by the transmitting antenna and not that measurable at the transmitter output. Additional losses introduced by transmission lines, as well as antenna gains at both, transmitter and receiver, must also be considered. Thus, it is necessary to modify equation (11) in order to calculate n in the following form:
where P T is the transmitter output power, P RX the input power to the receiver, and
expresses the fixed gains and losses at the transmitting (T) and receiving (R) ends, not dependent on propagation phenomena. It is important to notice that G T and G R are the nominal antenna gains, and not the actual ones which, at each receiving point, can vary as a result of antenna coupling with nearby walls, objects or people. Those variations are assumed, from the model point of view, as propagation dependent and embedded in the value of n. Equation (13) allows to calculate n in terms only of measurable parameters.
Experimental procedure.
Indoor propagation experiments were performed at 1.8 GHz using a signal generator HP8616A as transmitter and, as receiver, a spectrum analyser HP8569, computer controlled and mounted on a movable car, as shown in figure 1. The signal transmitted was an unmodulated carrier and the transmitting and receiving antennae were λ/4 monopoles above ground. For the receiver, also a rotatory λ/2 dipole was used to measure the copolar and crosspolar components in some of the experiments. The transmitting antenna was mounted at the top of a 2 m mast, and was kept fixed for each set of measurements. The reason for choosing this height was somehow arbitrary, assuming a fixed transmitting station; such height corresponds roughly to one half of the full height of most of the spaces where measurements were performed. The receiving antenna, at the top of a 1.5 m mast, was mounted on a platform held to a 1.2 m rail with a calibrated scale of 1 m length, so the antenna could be displaced horizontally at fixed intervals. Also the rail was displaced at fixed intervals of 2.5 cm after each set of horizontal measurements.
The power output of the signal generator was adjusted to 10 dBm at the beginning of each session with an HP432B power meter, and the frequency was measured with a frequency counter. The transmitter and receiver were directly connected to the antennae with 1/4´´ coaxial cable. Losses of each cable, as well as the voltage standing-wave ratio (VSWR) of the antennae were measured in laboratory in order to calculate K s in equation (14) .
Experiments were performed in different buildings of the University of Cantabria. One of them, of simple geometry with open areas and straight aisles. The other one, of more complex geometry, with narrow aisles occasionally curved, and with numerous obstructions by walls, columns and furniture. The areas for the experiments were chosen in order to study the behaviour of the exponent of the distance under several conditions: line-of-sight (LOS), non line of sight (NLOS), mainly shadowing, and total obstruction between transmitter and receiver (OBS). The effect of random human traffic in the propagation environment was measured in the first building and, in the second, measurements of received signal in copolar and crosspolar conditions were also performed.
The measurement procedure was devised in order to make it easily applicable in practice and even when in some of the experiments, data were recorded directly with a PC, in most of them the recording was made visually, having in mind the usual limitations in engineering practice in which not always it is possible to have at hand automatic or sophisticated equipment. This procedure introduces a mean error in the order of ±1 dB in the visually recorded values, as compared with those automatically recorded. In order to perform reliable measurements, two important considerations must be made, one dealing with the measurement interval, and other, with the required number of samples. Regarding the measurement interval, the criteria adopted was to keep a minimum separation of 20λ between local areas, and a distance of 2.5 cm between samples in local area [17] , [18] .
Regarding the number of samples, to statistically describe the random variable, in this case the exponent of the distance, the main parameters are the mean and standard deviation, and the number of samples in local area should produce these parameters with reasonable approximation. The problem is then to establish the minimum reliable number of samples that must be taken in local area. With such purpose, various measurements were made at different points of the same area, taking first 500 samples, then two sets of 100, and finally four sets of 50 samples each in four different local areas and in conditions LOS and NLOS. The maximum observed rms. error in the path-loss, between the means of the smaller sets, with respect to the mean of the largest sets was in the order of 10 -3 and of 7×10 -2 for the standard deviation. Further measurements were made taking a minimum of 40 samples with errors in the mean value of the path-loss in the order of 1.6×10 -2 , and of 0.7 for the standard deviation. Such results are in good agreement with the criteria suggested by Lee [17] and with those obtained with a purely theoretical approach [19] . For such reasons a minimum of 50 samples was considered adequate here.
However, it must be taken into account that, since the mean of the exponent can be assumed constant for a given propagation condition (LOS, NLOS, etc.) in a particular environment and excluding the region near the transmitter (<20λ), the various sets of data taken in local areas can be grouped for that specific condition, thus producing a larger set whose mean and standard deviation will be very closely the true ones. This is, in fact, an empirical application of the central limit theorem. Such grouping is not possible if the variable is other than n, for instance, attenuation, power or electric field intensity.
In LOS conditions, measurements were made in corridors and open areas in both buildings, at distances ranging from 1 to 32 m. NLOS (shadowing) experiments were conducted along perpendicular corridors and semi-obstructed open areas at distances up to 25 m. OBS measurements were carried out between different rooms and floors at distances up to 22 m. The effect of people in movement at random in the propagation environment was measured in open areas with highly variable human traffic and finally, the effect of depolarisation was measured in the various propagation conditions.
Results and their discussion
Typical mean values and standard deviations of the exponent, observed for the various propagation conditions at distances ≥ 20λ in the two buildings, are shown in Table I .
LOS.
The mean value of n in LOS conditions is highly uniform in the different environments and close to its free space value (n = 2). However, standard deviations are different and highly dependent on the environment. In building 1, where aisles are wider and higher with several windows with metallic frames, mean values of standard deviation between 0.337 and 0.54 were observed and, as the distance between transmitter and receiver increases, this parameter decreases slightly. Figure 2 shows a typical profile of the exponent in a LOS environment.
In building 2, aisles were narrow and lower. Measurements were taken between 11 and 22 m, and the observed values of σ were more uniform and smaller than in building 1. In open areas in both buildings, the observed standard deviations were similar. (14) where a, b and k are constants dependent on the environment, and d is the distance between transmitter and receiver in LOS and OBS, and between the shadowing obstacle and the receiver in NLOS. Farther than 20λ the mean of the exponent reaches a nearly constant value.
For the experiments reported here the following values were empirically found, a ≅ 1.01, b between 1.4 and 1.6, and k between 0.7 and 0.95. As mentioned in Section 2, the variability of the exponent in this region was the reason for not using the model given by equation (10).
From a practical point of view, if the samples in the region at distances of the order of 20λ or less are taken into account, the result will be a much more pessimistic prediction of path loss, because of the higher means and standard deviations, as can be seen in figure 3 , where probability density functions (pdf), normalised respect to the maximum, are plotted for LOS conditions. Even when the mean values are very close, the pdf for the samples in the near region (<20λ) is wider than that of the samples at larger distances. If the fade margin predicted by these samples is used in the calculation of the power budget of a system, the resulting radiated power will be higher than that predicted using only the samples at larger distances, an approach that seems more realistic, since at short distances from the transmitter the received power level will be high enough, so as to insure good reception even with large fading depths.
NLOS.
Mean values of n under NLOS conditions are not uniform, and depend highly on the geometry and objects in the environment, as can be seen in figure 4 , where the cumulative distributions for the values observed in one of the buildings, in which n ranges between 2.6 and 3.79, are shown. The former, in a laboratory with a great amount of metallic furniture and equipment, and the latter in an aisle partially obstructed by an open metallic door and furniture. Such differences in values, suggest that under NLOS conditions no assumption can be made on the value of n and it must be obtained through measurements.
OBS. When obstacles are clearly defined in the propagation path equation (8) can be more properly expressed as
where n 0 is the exponent measured in the region without the obstacle, L W represents the total fixed attenuation introduced by walls, floors, or both and d, as before, is the distance between transmitting and receiving antennae. In fact, for a mobile receiver or transmitter, L W is not constant and could also be assumed a random variable. However, if L W is taken as approximately constant, the mean value of n in the region after the obstacle will depend on distance and can be expressed as
Equation (16) provides a simple way to calculate the mean attenuation due to obstacles, L W ,, as:
where d 0 is the distance between transmitter and receiver at which n OBS is measured.
The largest values of the exponent, n OBS , occur at short distances from the obstacle and, since the attenuation introduced by it is constant, the exponent after the obstacle will depend on distance, according to equation (16) . Total attenuation factors were calculated with (17) in the various environments, an their values are shown in Table II . Table II .
However, the mean value of the exponent or the path loss is not sufficient, since it will give an indication of the 50% probability of path loss not exceeding a certain value, and does not provide any information about the necessary fade margin to insure reliable reception. Therefore, measurements must be performed in the worst conditions where reception has to be insured, in order to estimate the adequate fade margin in a particular design.
Human traffic. To measure the effect of random human traffic on the total path-loss, a series of measurements were conducted in the cafeteria of building 1 at different hours when the affluence of people is moderate or high. In this case, the receiver was placed at a fixed site in different places of the cafeteria and samples were taken at 10 sec. intervals. In absence of people and LOS conditions, the value of the exponent was 2. Polarisation effects. Polarisation effects were measured taking two measurements at the same points, one with the receiving antenna vertically polarised and the second with horizontal polarisation. The transmitting antenna was vertically polarised in all cases. Under LOS conditions, the ratio between copolar and crosspolar power had a mean value of 15.6 dB. The crosspolar power exceeded the copolar only in 12 of 814 measurements. In NLOS conditions, i.e. shadowing without total obstruction, such ratio was of 6.57 dB and, in a total of 67 of 500 samples (13.4%), the crosspolar power exceeded the copolar value. In OBS conditions, the ratio was between 6.6 dB and 1.4 dB for the worst case, with 34% of 300 samples in which the crosspolar power was higher than the copolar.
Statistical behaviour. The statistical behaviour of the exponent was analysed with several distribution functions: Rayleigh, Rice, log-normal, Weibull, Nakagami and Gamma for a total of nearly 70 sets of measurements. Very good fittings, in general, were obtained with these last three functions. Of them, the Gamma distribution offers the best fit in the majority of cases, the difference with Weibull and Nakagami being only marginally better in many cases. The statistical behaviour of n being known, the power budget of a system can be estimated for a given fading margin, i.e. the probability of not exceeding a certain path-loss value.
Two particular cases are shown in figures 6 and 7. The former, for all the samples at distances greater than 20λ, in one corridor under NLOS conditions. A total of 300 samples (50 for each local area), are grouped in one set which will be equivalent to the large area description of the exponent. The mean value of the exponent is, for this set, 3.105 and the standard deviation is 0.347. Fitting with either Gamma, Nakagami or Weibull distributions is almost indistinguishable. In figure 7 , the worst fitting for a local area in the same corridor is shown.
Here, only 50 samples were used, with mean value of 3.188 and standard deviation of 0.247. Fitting differences are greater than in the previous case, however, attention must be paid to the fact that mean values and curve shapes are very similar.
The rms. errors between probability densities of samples and pdf's (ε pdf ), as well as cumulative distributions (ε cdf ), and also correlation coefficients for the samples and theoretical pdf's (c pdf ) as well as the corresponding cdf's (c cdf ), are shown in Tables III and IV for the cases mentioned. The values at which the maximum probability occurs (n pmax ) is also given in the table. The criteria to judge the goodness of fit was based on the rms. errors between the sampling and theoretical probability density functions and cumulative distributions, and also on the correlation coefficients between the theoretical and real functions. Average errors between pdf's were in the order of 5×10 -2 and 2×10 -2 for the cdf's. Correlation coefficients were in the order of 0.91 for pdf's and 0.992 for cdf's.
Conclusions
A very simple power law path-loss model, in which the exponent of the distance is the random variable, has been studied experimentally in different indoor environments. The exponent of the distance embeds the effects of the various propagation mechanisms that affect attenuation in the channel. The definition of such effects individually, from a physical point of view is not required. The model can be applied in the estimation of the power budget of indoor wireless communication systems. However, it must be taken into account that the model does not provide a complete description of the propagation channel, for which delay spread and phase behaviour must be included.
Even when the mean values of the exponent may be similar in different environments, the fading behaviour depends strongly on the topography. Such behaviour is reflected in the standard deviation and, for such reason, no assumptions can be made about its value. Also, under propagation conditions other than LOS, the mean value of the exponent may reach values quite different in the same building. From an engineering point of view, the worst case conditions must be evaluated.
Electromagnetic energy is strongly depolarised in conditions other than LOS. With heavy obstructions, the magnitudes of copolar and crosspolar components are similar and human traffic in the environment can add up to about 4 dB to the total attenuation. Finally, very good fitting of the exponent values was obtained with Weibull, Nakagami and Gamma distributions, the latter being better in general.
Based on this proposed model, new, very simple and handy-friendly instruments can be developed for path-loss measurement and fade margin estimation of indoor wireless communication systems. 
